Phosphorus (P) loss from agricultural watersheds is generally greater in storm rather than base fl ow. Although fundamental to P-based risk assessment tools, few studies have quantifi ed the eff ect of storm size on P loss. Th us, the loss of P as a function of fl ow type (base and storm fl ow) and size was quantifi ed for a mixed-land use watershed (FD-36; 39.5 ha) from 1997 to 2006. Storm size was ranked by return period (<1, 1-3, 3-5, 5-10, and >10 yr), where increasing return period represents storms with greater peak and total fl ow. From 1997 to 2006, storm fl ow accounted for 32% of watershed discharge yet contributed 65% of dissolved reactive P (DP) (107 g ha
Phosphorus (P) loss from agricultural watersheds is generally greater in storm rather than base fl ow. Although fundamental to P-based risk assessment tools, few studies have quantifi ed the eff ect of storm size on P loss. Th us, the loss of P as a function of fl ow type (base and storm fl ow) and size was quantifi ed for a mixed-land use watershed (FD-36; 39.5 ha) from 1997 to 2006. Storm size was ranked by return period (<1, 1-3, 3-5, 5-10, and >10 yr), where increasing return period represents storms with greater peak and total fl ow. From 1997 to 2006, storm fl ow accounted for 32% of watershed discharge yet contributed 65% of dissolved reactive P (DP) (107 g ha −1 yr −1
) and 80% of total P (TP) exported (515 g ha −1 yr
−1
). Of 248 storm fl ows during this period, 93% had a return period of <1 yr, contributing most of the 10-yr fl ow (6507 m 3 ha −1 ; 63%) and export of DP (574 g ha
; 54%) and TP (2423 g ha −1 ; 47%). Two 10-yr storms contributed 23% of P exported between 1997 and 2006. A signifi cant increase in storm fl ow DP concentration with storm size (0.09-0.16 mg L −1 ) suggests that P release from soil and/or area of the watershed producing runoff increase with storm size. Th us, implementation of P-based Best Management Practice needs to consider what level of risk management is acceptable.
T he concept of phosphorus (P) loss risk assessment is based on the premise that most P exported from a watershed originates from a small part of the landscape close to the stream channel, which can be activated by frequent storm events. Th ese hydrologically active areas contributing surface runoff or erosion to stream fl ow (i.e., transport factors) can be large sources of P when they are coincident with areas of high soil P or recent manure applications (i.e., source factors) Hart et al., 2004; Pionke et al., 2000) . As a result, P-based remedial strategies focus on the underlying principle of targeting critical source areas and transport pathways USDA and USEPA, 1999; USEPA, 2004) .
Surface and subsurface transport pathways combine over the landscape to produce storm and base fl ow from a watershed (Gburek and Sharpley, 1998; Tomer et al., 2005) . Base fl ow consists primarily of ground and shallow ground water, whereas storm fl ow is dominated by surface runoff (Ward and Trimble, 2003) . Although storm fl ow generally comprises a fraction of total fl ow, it contributes most of the P exported from a watershed compared with base fl ow (Gburek and Folmar, 1999; Heathwaite and Dils, 2000) . An historical survey of U.S. Geological Survey stream gages with hydrograph separation data (N = 14,366) revealed a mean base fl ow index of 0.50 (i.e., 50% of total fl ow was base fl ow), with 25% of all gages having base fl ow indices in excess of 0.67 (Wolock, 2003) . Gages in the northeastern and mid-Atlantic regions had base fl ow indices comparable to the national average (mean = 0.48; N = 2072) .
Considerably less information is available on the relative partitioning of P transport in storm and base fl ow, although several studies generalized that the major proportion of P exported from watersheds (>75%) occurs during large storms (Edwards and Owens, 1991; Pionke et al., 1999; Smith et al., 1991; Vanni et al., 2001) . By measuring direct inputs of surface runoff and subsurface fl ow into a stream draining a pasture watershed (20 ha) in New Zealand for 3 yr (rainfall of 1010 mm yr although base fl ow dominated stream fl ow (63%), only 12% of dissolved reactive P (DP) and 5% of total P (TP) was exported in base fl ow. Storm fl ow accounted for 53% of DP, 15% of particulate P (PP), and 23% of TP exported. Quantifi cation of storm fl ow inputs of P from surface runoff plots adjacent to the stream channel enabled Sharpley and Syers (1979) to determine that stream bank and bed erosion was the largest source of PP (83%) exported from the watershed. Furthermpre, the release of DP from stream bank and bed material was estimated to account for 33% of stream DP exported (Sharpley and Syers, 1979) .
Due to the importance of storm fl ow to watershed P loss, storm characteristics exert a strong control on the potential of P loss to occur. In landscapes prone to variable source area hydrology, the combination of antecedent moisture and storm characteristics have been linked to runoff -contributing areas (e.g., Needleman et al., 2004) . However, little information is available documenting the eff ect of storm size on P loss, even though this information is fundamental to the concept of risk assessment and indexing P loss and to targeting watershed remediation eff orts in general. Th is paper documents a 10-yr study of P loss from a mixed-land use watershed (FD-36) in south-central Pennsylvania as a function of storm and base fl ow (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . Th e eff ect of storm size on P export is determined.
Materials and Methods

Watershed Description
Th e study area is FD-36, a 39.5-ha sub-watershed of Mahantango Creek, which is a tributary of the Susquehanna River, the largest contributor of fresh water to the Chesapeake Bay (Fig. 1) , respectively) (Sharpley and Moyer, 2000) . In all cases, fertilizer and manure was broadcast, and the shortest time between application and a rainfall-induced fl ow event was 10 d.
Sample Collection and Analyses
Beginning in 1997, stream fl ow at the watershed outlet was continuously monitored (at 5-min intervals) from 1 April to 31 October using a recording H-fl ume, and storm fl ow samples for P analysis were taken automatically using a programmable stageactivated Sigma sampler. Th e Sigma sampler was removed from November through March to avoid damage by periodic freezing during these months. From 2002 onward, the fl ow recorder and Sigma sampler were heated during the winter to enable yearround monitoring. A 200-mL water sample was collected from every 5000 L passing over the fl ume, and samples were composited for each storm to give a single fl ow-weighted sample. Base fl ow samples were taken at the fl ume at monthly intervals for subsequent P analysis. All samples were refrigerated at 4°C from collection until analysis, which was typically 10 d. Rainfall was For all stream water samples, a composited fl ow-weighted sample was fi ltered (0.45-μm Millipore membrane) within 24 h and stored at 4°C. Th e concentration of DP in stream fl ow was determined on a 0.45-μm fi ltered sample. Th e concentrations of total dissolved P and TP were determined on fi ltered and unfi ltered samples, respectively, after digestion with a semi-micro Kjeldahl procedure and fi ltration (Whatman No. 40 fi lter paper) (Patton and Kryskalla, 2003) . Phosphorus measurements were conducted in duplicate. Phosphorus in all stream water fi ltrates and neutralized Kjeldahl digests were determined by the colorimetric molybdenum-blue method of Murphy and Riley (1962) . Solutions were neutralized using pnitrophenol indicator (color change at pH 7.0) and drop-wise addition of 0.5 M H 2 SO 4 or 1.0 M NaOH. Particulate P was calculated as the diff erence between TP and total dissolved P.
Stream fl ow at the watershed outlet was separated into storm fl ow and base fl ow using techniques dependent on storm characteristics (Hall, 1968) . Storm fl ow is defi ned as starting when stage height at the fl ume increases by 2 cm within a 5-min sampling interval, which is sustained over 2 h. Th ese storms can be categorized according to their return period or probability of occurrence based on long-term historical records (25-50 yr). For example, a storm having a 5-yr return period was determined based on an average for the long term, occurring once every 5 yr but not necessarily once within every 5-yr period. Th e following ranges of return periods were used to represent storm distribution frequencies for FD-36: <1, 1 to 3, 3 to 5, 5 to 10, and >10 yr return periods.
Phosphorus loss in each storm was calculated as the product of fl ow and mean fl ow-weighted P concentration of storm samples, with P loss in basefl ow calculated as the product of fl ow between storms and basefl ow P concentration obtained from monthly samples. Annual export of P from the watershed was determined as the sum of all storm and basefl ow loss for each year (only April to October for 1997 to 2001). Th e return period for each storm during the study period was determined from peak fl ow of the stream during the storm (Flippo, 1977) .
Statistical Analysis
Statistical analyses (t tests, means, and standard errors) were performed with SPSS v10.0 (SPSS, 1999). All r 2 values given are signifi cant at the P < 0.05 level.
Results and Discussion
Phosphorus Loss in Storm and Base Flow
Annual rainfall varied from 706 to 1160 mm during the 10-yr study, with stream fl ow increasing as rainfall increased ( ), with 32% of stream fl ow as storm fl ow and 68% as base fl ow (Table 2) . Similarly, Tomer et al. (2005) found that during 25 yr of stream fl ow from two conventionally tilled corn watersheds (30-60 ha) in Treynor, Iowa, storm (34%) and base fl ows (66%) were similarly distributed to that in FD-36 (36 and 64%, respectively). In two adjacent conservation ridge till watershed in corn, base fl ow comprised a greater proportion of stream fl ow (84%) due to increased infi ltration aff orded by conservation tillage (Tomer et al., 2005) . During the 25-yr record, stream fl ow from the conventional (24%) and conservation tillage (29%) watersheds were a similar proportion of annual rainfall (812 mm) as in FD-36 (35%) ( Table 3) . A similar proportion of base fl ow (63%), storm fl ow (37%), and partitioning of P forms exported from a pasture watershed (23 ha) in New Zealand over 3 yr was also found (Sharpley and Syers, 1979) .
Even though storm fl ow contributed only a third of stream fl ow, more DP was exported in storm fl ow (107 g ha ; 65% stream fl ow DP) than in base fl ow (58 g ha ; 3035 stream fl ow DP). Th is proportion was consistently observed except in 1999 and 2006 (Table 3) . Annual PP (407 g ha ; 80% stream fl ow TP) was appreciably greater in storm fl ow than in base fl ow (69 g PP and 128 g TP ha
−1
). Th roughout the 10-yr study, most of the P exported from FD-36 in storm and base fl ow was as PP (79 and 54%, respectively) ( Table 2) . Although sources of DP in storm fl ow originate from the release of P from soil, vegetation, surface-applied fertilizer and manure, and suspended sediment (Hart et al., 2004; McDowell and Sharpley, 2003) , PP originates from erosion of surface soil and stream bank and bed material. Th e relatively high transport of PP (56% of base fl ow TP) ( Table 2 ) compared with DP in base fl ow is likely comprised mainly of colloidal P not measured as DP (Haygarth et al., 1997; Heathwaite et al., 2005; Turner et al., 2004) .
Th e fact that storm fl ow contributes the major proportion of P exported from FD-36, despite being a minor contributor of water discharged, is consistent with fi ndings from other watersheds. For instance, Sharpley and Syers (1979) showed that although base fl ow dominated stream fl ow, storm fl ow accounted for 53% of DP, 98% of PP, and 95% TP exported, although most of this was attributed to stream bank and bed erosion.
For the 10-yr study (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) ). To put the P concentrations observed for FD-36 into a regional water quality perspective, values were compared with U.S. Environmental Protection Agency ambient water quality criteria recommendations for rivers and streams in Ecoregion XI, Level III-67, the Ridge and Valley ecoregion, in which FD-36 is located (USEPA, 2000) . Based on the 25th percentile data for all seasons for 1990 to 1999, the reference TP concentration is 0.010 mg L −1 (with observed values ranging from 0 to 1.388 mg L ) above which surface water eutrophication may be accelerated (Gibson et al., 2000) .
Storm-Return Period and P Loss
Th ere were 248 storm-fl ow events in FD-36 from 1997 through 2006. By defi nition, the number of storms in each category decreased as return period increased from <1 to >10 yr (Table 4) . During the 10-yr study, 93% of storm fl ows occurring in FD-36 had a return period of 1 yr, whereas only 4% of the storms had a return period >3 yr.
Th e total fl ow (6507 m 3 ha −1
) and amount of P exported (574 g DP ha −1 and 2423 g TP ha −1 ) from FD-36 during all 1-yr return period storms was greater than for the other return period categories (Table 4) . Even though there were only 18 >1-yr return period storms from 1997 to 2006 (7% of total), they contributed 37% of fl ow, 46% of DP, 55% of PP, and 53% of TP loss during the 10-yr period (Table 4) . Similarly, two 10-yr storms contributed 12% of fl ow and about 20% of P exported (18% DP, 24% PP, and 23% TP).
As storm-return period increased from 1 to 10 yr, there was a shift in the proportion of P transported as DP (24% of TP for 1-yr storms and 17% TP for >1-yr storms) and an increase in PP transport (76-83% of TP). Similarly, Gentry et al. (2007) observed that concentrations of PP were 2 to 5 times DP in the largest fl ow events during a 10-yr period for three row-cropped 
-- ---1997  529  97  27  59  86  25  20  51  71  72  7  8  15  1998  659  250  169  307  476  65  117  256  373  185  52  51  103  1999  594  111  74  79  153  37  33  44  77  74  41  35  76  2000  617  166  87  428  515  55  68  355  423  111  19  73  92  2001  434  125  29  93  122  53  18  57  75  72  11  36  47  2002  988  298  140  343  503  100  84  265  369  198  56  78  134  2003  1160  644  398  927  1325  230  285  792  1077  414  113  135  248 849, 1039, 973, 1026, and 706 mm in 1997, 1998, 1999, 2000, and 2001 , respectively. -1997  26  74  86  87  1998  26  69  83  78  1999  33  45  56  50  2000  33  78  83  82  2001  42  62  61  61  2002  34  60  77  74  2003  36  72  85  82  2004  39  70  93  89  2005  29  62  87  86  2006  20  46  83 72 † DP, dissolved phosphorus; PP, particulate phosphorus; TP, total phosphorus. watersheds in Illinois. In contrast, in years without high discharge events, annual fl ow-weighted mean DP concentrations ranged from 27 to 50% of TP concentrations. Th e greater propensity for P transport as PP with an increase in storm size or return period refl ects a combined increase in erosivity of overland and stream fl ow, as well as stream sediment resuspension, which can sequester DP during fl ow (Smith et al., 1991; McDowell and Wilcock, 2004) . For instance, Sharpley et al. (1981) found that the DP concentration of runoff from grassed and cultivated watersheds decreased as suspended sediment concentration increased (R 2 = 0.80). A similar predominance of TP loss in large storms was also observed by Udawatta et al. (2004) for several watersheds (1.7-4.4 ha) with clay-pan soils in corn-soybean rotation at the Greenly Memorial Research Center, MO (rainfall 920 mm yr −1 ). From 1991 to 1997, the largest 5 of 66 storm fl ow events accounted for 27% of TP exported, which averaged 1.36 kg ha −1 yr −1 (Udawatta et al., 2004) . Th ere is a greater amount of fl ow and P loss per event as storm size (i.e., the return period) increases (Table 4) . For instance, mean DP loss increased from 2 to 98 g ha −1 event −1 for the 1-and 10-yr storms, respectively. For PP, the respective mean loss increased from 18 to 491 g ha −1 event −1
, and for TP it increased from 11 to 589 g ha −1 event −1 (Table 4 ). An appreciably greater export of P in large fl ow events is also evident in watersheds in the Corn Belt region of the USA (Gentry et al., 2007; Borah et al., 2003; Royer et al., 2006) . Th e overall increase in P loss with storm size has direct relevance to P loss risk assessment (the P Index concept) and P-based management of nutrients within a watershed to minimize the potential for P loss.
Th ere was a general increase in P concentration of storm fl ow with larger storm events or return period (Fig. 2) . Th e mean DP concentration of >10-yr return period storms (0.156 mg L , respectively, for >10-yr storms and 0.284 and 0.372 mg L −1 for <1-yr storms. As storm size increases, fl ow and event P losses increase. Th e increase in mean concentration of P forms in fl ow with return period shown in Fig. 2 suggests that there is a greater propensity for P release from soil and/or that diff erent areas of the watershed contribute runoff to storm fl ow. Furthermore, as storm return period increases, it is not simply more runoff occurring from the same contributing watershed area; rather, hydrologically active runoff -producing zones may increase with storm size.
Conclusions
Th e results of this research reaffi rm the importance of storm fl ow in contributing to P loss from agricultural watersheds that are dominated by surface or near-surface fl ow. Over the 10-yr study (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , only 32% of fl ow from FD-36 was storm fl ow; however, 65% of DP and 76% of TP was exported during storm fl ows. Th e remaining fl ow (68%) and P loss (24% of TP) occurred during base fl ow as a result of fl ow through subsurface pathways that can take as long as 6 mo in watersheds of similar size to FD-36 (i.e., 40 ha) (Gburek and Folmar, 1999; McGuire et al., 2002) . Even so, the average TP concentration (0.06 mg L −1 ) in base fl ow was higher than eutrophication thresholds for fl owing waters (0.05 mg L −1 ) (Gibson et al., 2000) . Large infrequent storm fl ow events have the potential to carry large amounts of P from a watershed. Indeed, there were only two storm fl ow events with greater than ) was exported from FD-36 than in storms with shorter return periods (2-31 DP and 11-164 g TP ha −1 event
−1
). Over the 10-yr study, however, the largest storms (>10-yr return period) only comprised about 20% of P exported. Th us, designing conservation practices that minimize the risk of P loss from more frequent low intensity storms would likely be a cost-eff ective strategy. Such measures focus on decreasing DP loss, which was found to be the dominant P form in more frequent low-intensity storms and could include management of the rate, timing, and method of P application. For example, carefully matching the crop P requirements of expected crop yields with incorporated or subsurface-injected fertilizer and manure application, when the likelihood of intensive rainfalls is less, would decrease the source of P available to be transported during surface runoff . Structural conservation practices or Best Management Practices (BMPs), such as edge-of-fi eld vegetative buff ers, which are designed to fi lter particulates, are less eff ective at decreasing the transport of DP (Sims and Kleinman, 2005) . In FD-36, conservation practices designed to 5-yr return period storms would address fl ow events contributing almost 77% of the P exported over this 10-yr watershed study.
Data presented in this paper suggest that the area of a watershed contributing runoff to P export likely increases with storm size or return period. Th is has important implications to watershed management of P. For example, P-based BMPs need to be applied to an increasingly large area of the watershed to minimize the risk of P loss. Th us, at some stage, BMP implementation and remedial strategies in general need to address what level of risk management is acceptable. Th is needs to be weighed against an increased area of land that may require more restrictive P-based management to aff ect a P loss reduction. Finally, with the large variation in P export found with storm size and the unpredictability with which extreme rainfall and associated storm fl ow events occur, a minimum of 5 yr is likely needed to reliably assess the eff ect of P-based conservation measures.
